Structure and decay of the most neutron-rich nuclei, 115<A<138
and the role of their decay properties in r-process nucleosynthesis

W. B. Walters, University of Maryland College Park
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Today, I will review studies of the decay of neutron-rich nuclides
with which I have been involved for about a decade.

Work has been performed in collaboration with the K.-L. Kratz
group in Mainz, along with the ISOLDE Collaboration at CERN
for nuclides with 122<A<138
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And, with Paul Mantica and Hendrick Schatz at MSU for

nuclides with 115<A<126
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This talk will be a mixture of nuclear structure and decay along with
the use of these data in various r-process nucleosynthesis calculations

Technical details of the studies at ISOLDE

New Physics at ISOLDE

Technical details at MSU

New physics at MSU

The waiting-point idea in r-process nucleosynthesis
Dependences on neutron density, neutron binding, and half life
r-process paths and new data

Summary and conclusions
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This Is a meeting about “limits”, so in this talk, data and results
will be presented for the decay of nuclides at the limits of what
can (or has) been studied up to this point.
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135Sn decay
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Monopole shift in odd-mass Sb nuclides.
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This sudden narrowing of the g., -- d;,, gap is attributed ds,,

to the effects of the “neutron skin” just beyond !32Sn
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130Cd is THE key
“waiting-point”
nuclide that is
largely responsible
for the peak in the
elemental abundance
curve at A = 130.

It can be called the
“gate-keeper for the
r-process”.
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Mass model predictions

Hilf et al. (GTNM, 1976)
Moller et al. (FRDM, 1995):

Aboussir et al. (ETFSI, 199)3):
Duflo & Zuker (1995)

Goriely et al. (HFBCS, 2001)
Samyn et al. (HFB-2, 2002)

Q= 8344 keV

7.97 MeV
7.43 MeV

7.87 MeV
7.96 MeV

7.00 MeV
7.64 MeV
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Primary Beam: 136Xe4°+ 120 MeV/A
Average Beam Current: 1.5 pnA
Production Target: °Be, 188 mg/cm?
Wedge: plastic scintillator + Kapton
A1900 Bp, , = 3.95970 Tm

A1900 Bp; , = 3.83970 Tm

ECR K500 N1 N2 N3 N4 LEBIT
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What role do these data play in r-process nucleosynthesis calculations?
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Astronomy motivation: Relative elemental abundances in old halo
stars (low Fe/H ratio) nearly identical to the observed solar abundances.
Such data provide fuel to the debate over “ a single r-process or
“2 r-processes”, or “many r-processes”.
These particular data strongly support the notion of a single r-process
for elements above A =138



Now, | want to describe some details about the (y,n) = (n, y) equilibrium that show where
and how nuclear structure and decay properties on nuclei play a role in r-process movement.

I I \ B decay
(ny)  (n)

S = 2.5 for 104Rb67 € Process moves on.

Kr half-lives 104 @ @ 5 ms.
S =50 23 45 21 4319 4113 34 09 25

3cKr 98 99 100 101 102 103 104 105 106 10/ 108
N= 62 63 64 65 66 67/ 68 69 /0 /71 72

Waiting points always have even neutron numbers.

As the neutron density increases, the waiting point will move to 106
and 108 and so on, until the drip line is reached.



The N = 82 closed shell poses a P. Mller, J. R. Nix, and K.-L. Kratz, ADNDT 66, 131(1997).

particular barrier to the neutron- nuclides
capture process. 49 In=131 132

48 Cd 130 131

In this model, 123Zr is unbound
and decay Is necessary to move on. 47 Ag129130

46 Pd 128 129

Indeed, up through 12’Ru, the neutron
separation energies are below 1 MeV
and capture of additional neutrons
will only occur under the highest
neutron densities. 42 Mo 124 125
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Conclusion: The critical values
from nuclear structure and decay
measurements that are needed are
half-lives and neutron separation
energies (masses).



In the “waiting-point” model, the observed abundances of stable

nuclides arise from material that is “waiting” to either decay or
capture a neutron at the point where the high neutron density ends.
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FiG. 9. Best fit for r-abundances in the mass range 135 < 4 < 205 for freeze-out conditions as in Fig. 8: (a) progenitor abundances before beta decay; (b) final
abundances after beta decay and delayed neutron emission. The deviations for 4 > 195 again indicate the breakdown of the steady flow beyond the N = 126 neutron

thell closure.

On the left are calculated abundances just at “freezeout”, and on the
right are the abundances after decay, including beta-delayed neutron
decay.....highlighting the importance of delayed neutron branching.
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FiG. 11.—Schematic view of the r-process path in the 85 >~ 4 =~ 140 mass region for freeze-out conditions (T, = 1.2, n, = 9.5 x 102% cm ™% as in Fig. 10,
containing nuclei with B, =~ 2 MeV. Shown are those isotopes with more than 10% population of each isotopic chain: (a) When using the mass model of Moller et al.,
one observes beyond '}2Zr,, a region of 9-10 masses where obviously no isotope with appropriate B, value exists. Due to the strong shell strength in this mass
model a sudden drop from B, > 3 MeV to B, < | MeV (see also Fig. 20) occurs close to the magic neutron number. {b) The Hilf et al. mass formula has obviously a
smoother decrease in B, values so that several isotopes exist in the r-process path between 4 = 112 and 4 = 125.

This is a plot similar to the one on the previous page showing the
Isotopes present at “freeze-out” under one set of astrophysical
conditions, but using 2 different mass models. What is important
IS the fact that only even-N nuclides are present, and that they tend
to be in pairs, with gaps.
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T=1.35 10" K, n,=10*g.cm™ ; T =1.86s
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The variable here
IS the half life of
130Cd

The longer the

half life, the
more difficult
and time
consuming it
IS to get past
130Cd_

Fiz. 38, Calculated abundance curve of the r-elements comparad to solar valuwes are given asswm-
ing various hal-lives for the Y Cde and Y9 Agsa waiting poind nuclei. This calculation has been
performed for a stellar temperature of T=1.35 MPK, a newtron density of &, =10Fcm=, and a

time of Ta=1.86s [1T4].
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The variable here is
the number of neutrons
1020 n/cm? per cubic centimeter.

The higher the density,

g S—— the heavier the nuclides
1 10%2 n/cm3 that can be synthesized.
2 it In order to make the Pt
group peak nuclides,
you can see that the

density must exceed
1024 nlcm3 1024 n/Cm3
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Fig. 2. Results of time-dependent r-process caleulations with np = 1027, 1022, and 1024 E em™ at
T =1.35 % 10° K for duration times ¢ of 1.2 {upper part), 1.7 (middle), and 2.1 s (lower part),
respectively, in comparison with solar r-process abundances [34].

In order to make Th and U,
the densities need to be of
the order of ~10%" n/cm,.
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FIG. 11. Relative 1sotopic r-process abundances of Sn isotopes
under freeze-out conditions (79=1.35) as a function of neutron

density. For details, see text.

1328n 40 seconds

134Sn 1.4 seconds
136Sn 275 milliseconds

138Sn ~150 milliseconds

Half life governs two
quantities: how much
IS “waiting around”
and, “how long does
It take to pass on”.

Note the blocking
power of 132Sn that
would keep material
In a “weak r-process”
below A = 130.
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Our data are used in several ways. First is the use of experimental data
for the network calculations. Second is to improve models for the many
nuclides that have not yet been studied. This is one example.
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Summary: Where are we now?
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(ny)  (v.n)

= 2.5 for 1%Rb;, process moves on.

Kr half-lives @ @ @ms.
S,=50 23 45 21 4319 4113 34 09 25

3sKr 98 99 100 101 102 103 104 105 106 107 108
N= 62 63 64 65 66 67/ 68 69 /0 /71 72

A weak r-process can come from:

1. Low neutron density....the system just does not move out as far.
2. A high temperature...the system cannot move as far out

3. Ashort time.

The new MSU data are helpful for the first two.



At ISOLDE, targets with shorter release times to probe some of the
interesting spectroscopy at these limits. The neutron detector has
an efficiency of ~30% and low background. For gamma rays, the
efficiency with 5 detectors is about 4%, hence it is possible to obtain
half-life data for nuclides, but much less spectroscopy.

At MSU....... another order or so of magnitude in beam current.....
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Thank you for your attention.
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